ACSL4 variant is expressed in SMCs, real-time quantitative PCR (qPCR) primers were designed (Applied Biosystems Primer Express 2.0 software), and ordered from Operon (Huntsville, AL). Primers were used to detect ACSL4 variant 2 or both variants 1 and 2 ( Table 1 ) . Total RNA was extracted from SMCs, using the RNeasy Mini Kit (Qiagen; Valencia, CA), and used for semi-quantitative or real-time qPCR, as described below. Real-time PCR was also used to measure mRNA levels of other ACSL isoforms and FA transport protein (FATP) isoforms, at least some of which have acyl-CoA synthetase activity ( Table  1 ) .
Creation of retroviral vectors for ACSL4 and ACSL1 overexpression
Human cDNA ACSL4 variant 1 (NM_004458) and human ACSL1 variant 2 (NM_001995.2) clones were obtained in plasmid cytomegalovirus expression vectors from OriGene (Rockville, MD). The retroviral pBM-IRES-PURO (pBM) vector, which contains a puromycin resistance element ( 20 ) , was used to generate vectors for stable overexpression of ACSL4 and ACSL1. Briefl y, the plasmid cytomegalovirus vectors were used to transform XL-1 Blue Supercompetent cells (Stratagene; Cedar Creek, TX). The ACSL sequences were amplifi ed using cloning primers with a Kozak sequence added to the beginning of the 5 ′ primer (Invitrogen). The PCR products were gel purifi ed and ligated into the pGEM-T Easy Vector, a TOPO vector (Promega; Madison, WI), and the ACSL sequences were then excised and ligated into the dephosphorylated pBM vector. A pBM-eGFP (enhanced green fl uorescent protein) plasmid was used as a positive control. All vectors were sequenced to verify correct directionality by using an ABI 3730XL high-throughput capillary DNA analyzer.
Phoenix amphotropic cells (70-80% confl uent cultures) were transfected with the empty pBM vector, pBM-eGFP, pBM-ACSL4, or pBM-ACSL1 plasmids by CaCl 2 transfection, according to Orbigen's instructions. The next day, the cells were passaged into media containing 1 g/ml puromycin for positive selection, and then maintained in media containing puromycin until virus collection at ‫ف‬ 90% confl uency. The retrovirus-containing media, collected in fresh medium during a 24 h period, were removed from the Phoenix cells and fi ltered through a 0.45 m syringe fi lter, and 4 mg/ml polybrene (Sigma; St. Louis, MO) was added. Retrovirus was incubated with the SMCs for 16-18 h. The SMCs were then treated with puromycin at 5 g/ml for 36-48 h until all nonvirus-treated control SMCs were dead.
ACSL4 siRNA experiments
Immortalized human primary aortic SMCs were transduced for stable expression of ACSL4 siRNAs, using HuSH TM 29 mer constructs (OriGene Technologies, Inc.; Rockville, MD). Four different ACSL4 siRNA constructs in the pRS plasmid, negative control pRS plasmid, and a scrambled negative control siRNA in the pRS plasmid (OriGene) were used for generation of SMCs stably expressing these constructs following transfection of Phoenix amphotropic cells, and subsequent transduction of SMCs, as described above. Initial experiments revealed that the ACSL4 siRNA construct TI359914 (CGCTATCTCCTCAGACACAC-CGATTCATG) resulted in the most signifi cant (60-70%) downregulation of ACSL4, and this construct, together with the two controls, was used for subsequent experiments. Another construct, TI359913 (GGCTCATGTGCTAGAACTGACAGCA-GAGA), resulted in a less-marked ( ‫ف‬ 30%) reduction of ACSL4, and was used as an additional control in some experiments. Following SMC infection with these constructs, transduced cells were selected by puromycin incubation, as described above. regulating 20:4 incorporation into phospholipids in SMCs.
Incorporation of free 20:4 into phospholipids requires thioesterifi cation of free 20:4 by enzymes belonging to the group of long-chain acyl-CoA synthetases. These enzymes produce acyl-CoAs from FAs >12 carbons in length. There are fi ve long-chain acyl-CoA synthetase (ACSL) isoforms in humans and rodents: ACSL1, ACSL3, ACSL4, ACSL5, and ACSL6 (11) (12) (13) . On the basis of data generated with purifi ed or recombinant ACSL enzymes, these isoforms have different FA preferences and different tissue expression. Recombinant ACSL4 exhibits a high preference for 20:4 and omega-3 FAs (fi sh oils), and lower activity with saturated, mono-, di-, and trisaturated 12-18-carbon FAs ( 14 ) . In humans, ACSL4 undergoes alternative splicing, producing a shorter isoform (variant 1) and a longer isoform (variant 2) containing an additional 41-amino acid N-terminal tail ( 15, 16 ) .
We have previously shown that ACSL4 is one of the ACSL isoforms expressed in human arterial SMCs ( 17 ) . These cells also express ACSL1, ACSL3, and ACSL5 ( 17 ) . In the present study, we therefore asked if ACSL4 modulates 20:4 bioavailability and plays a role in PGE 2 production in these cells. Our results demonstrate that human arterial SMCs express ACSL4 variant 1, which allows important incorporation of 20:4 into phospholipids and, in turn, modulates PGE 2 release. These observations suggest that SMC ACSL4 might play an important role in vascular biology and pathology.
MATERIALS AND METHODS

Cells
Normal human newborn aortic SMCs were isolated by an explant method, as previously described ( 18 ) . SMCs used for experiments were maintained in DMEM 5 mM glucose with 10% FBS. Cells were infected with retrovirus for ACSL1 or ACSL4 overexpression at passage 6, and were used for experiments through passage 10. In a few experiments, immortalized primary human aortic SMCs ( 19 ) were used. Unless otherwise noted, subconfl uent SMCs were quiesced for 24-48 h in DMEM 5 mM glucose plus 0.5% human plasma-derived serum before experiments. SMCs were infected with retroviral vectors for ACSL overexpression 10 different times over a period of three years with similar results. ACSL4 siRNA experiments were done in two independent infections with similar results. FAs oleic acid (18:1), palmitic acid (16:0), or arachidonic acid (20:4) were added to the cells prebound to 0.5% FA-free BSA at a BSA:FA molar ratio of <1:3. All experiments using human tissues were reviewed and approved by the Institutional Review Board at the University of Washington.
Phoenix amphotropic cells (Orbigen; San Diego, CA) were maintained in DMEM 25 mM glucose, 10% FBS, nonessential amino acids, 100 U/ml penicillin, and 100 mg/ml streptomycin. After transfection, 1 g/ml puromycin was added in order to select for successfully transfected cells. assay (Thermo Scientifi c; Rockford, IL). Cell lysates (60 g) were then resolved on SDS-PAGE gels and electro-transferred to polyvinylidene difl uoride membranes overnight. Membranes were blocked in 5% milk in TBS/0.1% Tween-20 for 1 h at room temperature, and then incubated with primary antibody overnight at 4°C. A polyclonal ACSL1 antibody (Aviva Systems Biology; San Diego, CA) was used at a dilution of 1:500 in 5% milk in PBS. A polyclonal anti-rat ACSL4 antibody was generously provided by Dr. Rosalind Coleman (University of North Carolina, Chapel Hill, NC), and used at a 1:10,000 dilution, as described previously ( 17 ) . After primary antibody incubation, membranes were incubated with secondary antibody (anti-rabbit-HRP at a 1:5,000 dilution) and developed with chemoluminescent reagent. To verify equal loading, membranes were stripped and reprobed with a monoclonal ␤ -actin antibody (Sigma) at a 1:15,000 dilution, followed by anti-mouse-HRP at a 1:15,000 dilution.
Analysis of ACSL activity
ACSL activity was determined as previously described ( 17 
Analysis of long-chain acyl-CoA species
Long-chain fatty acyl-CoAs were quantifi ed by LC-ESI-MS/MS, as described by Haynes et al. ( 22 ) . Briefl y, cells were homogenized in 25 mM phosphate buffer (pH 4.9), and fatty acyl-CoAs Real-time qPCR
Semiquantitative RT-PCR
Total RNA (250 ng) was reverse-transcribed into cDNA using random hexamers and 0.2 U/ml Omniscript reverse transcriptase (Invitrogen). The mixture was incubated at 37°C for 60 min. The cDNA template was then amplifi ed with PCR using a GeneAmp PCR system (Applied Biosystems) with a primer concentration of 400 nM. ACSL primers were designed using Primer3 ( 21 ) . ␤ -actin primers were from Clontech Labs, Inc. (Mountain View, CA). The PCR products were separated by gel electrophoresis in 2% agarose gels and visualized with ethidium bromide.
Real-time PCR
RNA was treated with RNase Free DNase I (Stratagene). Realtime qPCR was performed on an Mx4000 Multiplex QPCR System (Stratagene). RNA samples (20 ng) were loaded in triplicate and run in a 10 l reaction using SYBR Green PCR Master Mix. Each reaction contained 5 l 2× Master Mix, 400 nM of each primer, 0.5 units of StrataScript RT, and 0.5 units of RNase Block and was run with PCR cycling conditions of 48°C for 30 min, 95°C for 10 min, and 40 cycles of 95°C for 15 s and 60°C for 1 min. Dissociation curves were run to confi rm specifi city of all PCR amplicons. For standard curves, PCR amplicons were used at 1:4 serial dilutions. Results were then converted to copy number and normalized to total RNA levels, or were normalized to 18S. Total RNA and PCR amplicons were quantitated on an Mx4000 Multiplex QPCR System using the RiboGreen RNA Quantitation Kit (Molecular Probes; Eugene, OR) and standards from the manufacturer.
Detection of ACSL4 and ACSL1 by Western blot
SMCs in 10-cm dishes were harvested in Western lysis buffer (25 mM Tris-HCl, pH 7.4, 2 mM EDTA, 10 mM Na 2 SO 4 , 150 mM NaCl, 50 mM NaF, 1% Triton-X, 5 mM benzamidine, 10 mg/ml aprotinin, 20 mg/ml leupeptin, and 5 mg/ml pepstatin). Protein concentrations were determined using a modifi ed BCA protein by guest, on August 28, 2017 www.jlr.org Downloaded from bia, MD). Phospholipids in each 1 ml fraction were analyzed by determining the incorporation of [ 3 H]20:4 by liquid scintillation, as described previously ( 26 ) . The phospholipids were identifi ed by comparison to elution times of phosphatidylserine (PS), phosphatidylethanolamine (PE), phosphatidylinositol (PI), and phosphatidylcholine (PC) standards (Avanti Polar Lipids; Alabaster, AL), detected by ultraviolet monitoring at 206 nm.
To determine the endogenous relative distribution of FAs in PE and PC, human SMCs, maintained in 10% FBS, were harvested, and lipids were extracted by the Bligh and Dyer method ( 25 ) and then processed as described by Hamilton and Comai ( 27 ) . In short, the extracted lipids were dried under nitrogen, and then resolubilized in CH 3 Cl-acetic acid at a ratio of 100:1 and separated on Sep-pak columns (Waters) equilibrated with hexane-methyltertiarybutylether (96:4), as described above. The samples were eluted in three fractions. Fraction 1, consisting primarily of neutral lipids and free FAs ( 27 ) , was eluted in 2 + 2 + 12 ml CH 3 Cl-acetic acid (100:1); fraction 2, enriched in PE ( 27 ) , was eluted by 5 ml methanol-CH 3 Cl (2:1); and fraction 3, enriched in PC ( 27 ) , was eluted in 5 ml methanol-CH 3 Cl-H 2 O (2:1:0.8). Fractions 2 and 3 were dried separately under nitrogen and used for analysis of FA composition. FAs were methylated under acidic conditions (25 l of H 2 SO 4 into 975 l of methanol) for 60 min at 80°C, followed by a hexane-H 2 O extraction (200:1,500). The hexane layer was collected after freeze-separation and loaded onto a GC-mass spectrometer (Agilent 6890-5973; Agilent Technologies, Foster City, CA). The GC-MS spectra were compared with those of known standards.
were extracted ( 23 ) . For LC/ESI/tandem MS experiments, an Agilent 6410 triple quadruple MS system equipped with an Agilent 1200 LC system and an ESI source was utilized. The neutral loss of m/z 507 is the most-intense product ion for each compound. Acyl-CoA species were detected by their characteristic LC retention time in the multiple reaction monitoring mode following ESI. A known amount of C17:0 acyl-CoA was added into the biological samples to quantify C16:0 (palmitoyl-CoA), C18:0 (stearoyl-CoA), C18:1 (oleoyl-CoA), 20:4 (arachidonoyl-CoA), and C22:6 (docosahexaenoyl-CoA) by comparing the relative peak areas in the reconstructed ion chromatogram in the multiple reaction monitoring mode.
Determination of ␤ -oxidation by acid-soluble metabolite production, and triacylglycerol mass
The production of acid-soluble metabolites was used as an index of the ␤ -oxidation of FAs. SMCs were incubated in DMEM + 0.5% FA-free BSA with 50 M carnitine and 0. Ci/mmol, all from GE Healthcare Life Sciences) per well in 6-well plates. After 24 h, 800 l of the medium was harvested on ice, and 200 l of ice-cold 70% perchloric acid was added in order to precipitate BSA:FA complexes. The samples were centrifuged for 10 min at 14,000 g , and the radioactivity of the supernatant was determined by liquid scintillation ( 24 ) . The cells were then harvested in 1 M NaCl for protein analysis.
For analysis of triacylglycerol (TAG) mass in SMCs, cells in 10-cm dishes were treated with DMEM, 0.5% FA-free BSA, 50 M carnitine, and 10-70 M 18:1, 16:0, or 20:4 for 24-48 h. Lipids were extracted using a modifi ed Bligh and Dyer method ( 25 ) . A colorimetric TAG kit (Sigma) was used according to the manufacturer's instructions.
Analysis of FA incorporation into neutral lipids and phospholipids
Cells were plated and treated as described for the acid-soluble metabolite assay. After 5-10 min or 24 h, the cells were placed on ice, washed with PBS, and then harvested with 0.5 ml 1 M NaCl per well. For analysis of FA incorporation into neutral lipids, cell lysates from two wells on a 6-well plate were pooled. Lipids were extracted by using a modifi ed Bligh and Dyer method ( 25 ) , and were loaded, together with mono-, di-, and triglyceride standards (NuChek Prep), onto unmodifi ed Silica Gel G TLC plates (Sigma) preheated at 60°C for 15 min. The lipids were separated for 45-60 min, using a mobile phase of hexane-diethyl ether-glacial acetic acid (105:45:3). Lipid spots were visualized by iodine vapor. An Amersham Biosciences Storm 860 PhosphorImager was then used to detect and quantify the radioactivity in each lipid spot, or the radioactivity was detected by liquid scintillation following scraping of the spots. To analyze incorporation into specifi c phospholipids by HPLC, samples were resuspended in 2 ml CH 3 Cl-acetic acid (100:1) and were then run through Sep-pak columns (Seppak vac 3 cc, 500 mg, silica cartridges; Waters Corporation, Milford, MA). The phospholipids were eluted by step-wise addition of 2 ml CH 3 Cl-acetic acid (100:1) two times, 2 ml methanol-CH 3 Cl (2:1) three times, and 2 ml methanol-CH 3 Cl-H 2 O (2:1:0.8) three times. The eluted phospholipid solution was condensed and resuspended in 50 l HPLC-grade methanol and run through reverse-phase HPLC (Shimadzu Scientifi c Instruments; Colum- , and ACSL5 mRNA levels were analyzed by real-time quantitative PCR in human aortic SMCs (A). The results were normalized to total RNA levels, and are expressed as mean copy number/ng RNA ± SEM (n = 3 from three independent experiments performed at three different SMC passages). ACSL4_v2 -specifi c primers were designed and used, together with primers that detect both ACSL4 splice variants, to evaluate relative mRNA levels of ACSL4_v1 and ACSL4_v2 (B). The results are expressed as mean ± SEM of triplicate analyses of SMCs isolated from two different donors.
by guest, on August 28, 2017 www.jlr.org Downloaded from N-terminal transmembrane domain and is expressed in the brain ( 15 ) . The ACSL4 splice variant expressed in SMCs has not previously been identifi ed. By using primers specifi c for the longer ACSL4_v2 and primers detecting both ACSL4_v1 and ACSL4_v2 ( Table 1 ) , the shorter ACSL4_v1 was found to be the primary ACSL4 splice variant expressed in human SMCs ( Fig. 1B ) . ACSL4_v2 mRNA accounted for only 5.9 ± 0.7% of total ACSL4 mRNA levels in these cells.
Arachidonic acid is a preferred substrate for ACSL4 variant 1 in intact human SMCs
SMCs stably overexpressing ACSL4 variant 1 demonstrated marked increases in ACSL4 mRNA levels ( Fig. 2A,  B ) and ACSL4 protein ( Fig. 2D, E ) . ACSL4 protein levels were increased ‫ف‬ 4-fold in SMCs overexpressing ACSL4 compared with SMCs transduced with the empty pBM vector or eGFP ( Fig. 2E ) . The overexpressed ACSL4 variant 1 had the same apparent molecular weight as endogenous ACSL4 ( Fig. 2D ) , confi rming that the ACSL4 variant expressed in these cells is ACSL4 variant 1.
ACSL1, an abundant SMC ACSL isoform with a lower relative preference for 20:4, compared with that of ACSL4, was overexpressed as a control. As expected, overexpression of ACSL1 resulted in increased ACSL1 mRNA ( Fig. 2A, C 
Statistical analysis
The results are expressed as mean ± SEM. Statistical analysis was performed using unpaired Student's t -test when comparing two groups. One-or two-way ANOVA was used to compare more than two parameters with Bonferroni or Neuman-Keuls multiple comparison tests. Experiments were performed at least three times in independently generated SMC samples.
RESULTS
Human SMCs express ACSL4 variant 1
Human SMCs expressed ACSL4, consistent with our previous fi ndings ( 17 ) . The relative levels of ACSL4 mRNA were lower than those of ACSL1 , but higher than those of ACSL5 ( Fig. 1A ) . Of the two human ACSL4 splice variants, the longer variant 2 is proposed to have an ( Fig. 3C ) , supporting the notion that 20:4 is a preferred substrate for ACSL4 in human SMCs.
On the other hand, overexpression of ACSL1 resulted in large increases in oleoyl-CoA synthesis and palmitoylCoA synthesis in SMC lysates ( Fig. 4A ) . The increase in arachidonoyl-CoA synthesis was much lower than that achieved by ACSL4 overexpression despite the higher levels of ACSL1 overexpression compared with ACSL4 (compare Fig. 2E, F ) . Consistently, ACSL1 overexpression resulted in increased levels of palmitoyl-CoA, linoleoylCoA, oleoyl-CoA, stearoyl-CoA, and arachidonoyl-CoA in intact SMCs under basal conditions, and a similar pattern was seen in FA-stimulated cells ( Fig. 4B, C ) . Levels of arachidonoyl-CoA were much lower in ACSL1-overexpressing SMCs than in ACSL4-overexpressing SMCs (compare Figs. 3B, C and 4B, C ).
Together, these results show that ACSL4 variant 1 has a strong preference for arachidonic acid compared with that of ACSL1, and markedly stimulates arachidonoyl-CoA synthesis in SMCs.
as well as increased ACSL1 protein levels ( Fig. 2D, F ) . Importantly, overexpression of ACSL4 did not alter expression levels of ACSL1 or vice versa ( Fig. 2 ) . Furthermore, ACSL4 overexpression did not affect levels of ACSL3 , ACSL5 , SLC27A1 (FATP1), SLC27A3 (FATP3), or SLC27A4 (FATP4) mRNA (data not shown).
To investigate acyl-CoA synthetase activity in ACSL4-overexpressing SMCs, cell lysates were fi rst used for in vitro ACSL activity assays. Cell lysates from SMCs overexpressing ACSL4 demonstrated a signifi cantly elevated palmitoyl-CoA synthetase activity, and a more marked arachidonoyl-CoA synthetase activity, compared with control lysates ( Fig. 3A ) . Oleoyl-CoA synthesis was not significantly elevated by ACSL4 overexpression in these cell lysate experiments. Next, levels of the six most-abundant acyl-CoA species were determined by LC-ESI-MS/MS in intact SMCs overexpressing ACSL4 and controls. ACSL4 overexpression resulted in markedly increased arachidonoyl-CoA levels under basal conditions in the presence of 1% human plasma-derived serum ( Fig. 3B ) . Smaller, but signifi cant, increases were observed in palmitoyl-CoA, linoleoyl-CoA, oleoyl-CoA, and docosahexaenoic acid (DHA)-CoA levels ( creased TAG accumulation in the cells. However, TAG mass was not different in SMCs overexpressing ACSL4 versus control SMCs ( Fig. 5B ) . Furthermore, whereas 70 M 18:1 signifi cantly stimulated TAG accumulation in both control SMCs and in SMCs overexpressing ACSL4, neither 70 M 16:0 nor 10 M 20:4 had a signifi cant stimulatory effect on TAG accumulation after a 48 h stimulation period ( Fig. 5B ) . ACSL4 overexpression also did not enhance TAG accumulation in SMCs stimulated with 70 M 20:4 (data not shown). Moreover, overexpression of ACSL4 did not increase acid-soluble metabolite production (a measure of ␤ -oxidation) from any of the FAs investigated ( Fig.  5C ) .
Thus, ACSL4 overexpression increases 20:4 incorporation primarily into phospholipids in SMCs, but has no detectable effects on TAG mass or ␤ -oxidation.
ACSL4 overexpression results in rapidly increased 20:4 incorporation into PE and PI
To identify the phospholipids affected by the increased 20:4 incorporation in ACSL4-overexpressing SMCs, the 3 H]20:4 levels were signifi cantly elevated in ACSL4-overexpressing cells, as was incorporation into phospholipids, DAG, and TAG ( Fig. 5A ) . Importantly, free [ 3 H]20:4 levels were signifi cantly reduced in ACSL4-overexpressing SMCs ( Fig. 5A ) . These effects were transient, and were no longer observed 24 h after stimulation of the cells with [ ( Table 2 ) . Thus, although endogenous 20:4 is present in both PE and PC, it contributes a signifi cantly larger fraction of the FAs present in PE, which may be consistent with our HPLC results demonstrating exogenous 20:4 incorporation mainly into PE.
Overexpression of ACSL4 blunts 20:4-and IL-1 ␤ -induced PGE 2 release, whereas acute inhibition of ACSL4 activity promotes PGE 2 release in SMCs
The phospholipid pool of 20:4 is an important contributor to prostaglandin synthesis, following hydrolysis of, e.g., PE and PI, and liberation of free 20:4 by phospholipase A 2 . Because human SMCs secrete signifi cant amounts of PGE 2 (10), we next investigated whether ACSL4 overexpression most common phospholipids were separated and analyzed by HPLC. As shown in Fig. 5D ( Fig. 5D ) .
To investigate the distribution of endogenous 20:4 in PE and PC pools, the relative FA composition of PE-and PC-enriched lipid fractions was analyzed by GC-MS. As shown in Table 2 , the relative contribution of 20:4 was signifi cantly higher in the PE-enriched fraction, as compared with the PC-enriched fraction. Furthermore, the relative level of 16:0 was higher and the relative level of 18:0 was 
results in 20:4-stimulated SMCs, ACSL4 overexpression blunted IL-1 ␤ -induced PGE 2 secretion ( Fig. 6B ) . The effects of ACSL4 on PGE 2 secretion were not due to changes in COX-2 expression, inasmuch as overexpression of ACSL4 did not affect basal or IL-1 ␤ -stimulated COX-2 mRNA levels (data not shown).
Next, to investigate the role of endogenous ACSL4 enzymatic activity in PGE 2 release from SMCs, we took advantage of two pharmacological ACSL4 inhibitors. ACSL4 activity is directly inhibited by triacsin C and thiazolidinediones such as rosiglitazone ( 29 ) . Triacsin C inhibits the activity of several ACSL isoforms, including ACSL4, whereas rosiglitazone is selective for ACSL4 at concentrations р 10 M ( 30 ). Accordingly, both triacsin C and rosiglitazone inhibited arachidonoyl-CoA synthetase activity in SMC lysates at 10 and 30 M ( Fig. 6C ) . Short incubations (2 h) with either rosiglitazone or triacsin C resulted in increased PGE 2 release from SMCs, both under basal conditions ( Fig. 6D ) Together, these results show that whereas overexpression of ACSL4 blunts PGE 2 release, acute inhibition of ACSL4 activity promotes release of PGE 2 from human arterial SMCs.
Long-term inhibition of ACSL4 markedly attenuates PGE 2 release from SMCs
Long-term downregulation of ACSL4 by small hairpin RNA has recently been shown to reduce secretion of 20:4-derived hydroxyeicosatetraenoic acids in breast cancer cell lines ( 31 ) . We therefore next performed siRNA experiments to stably downregulate ACSL4 by using retro viral constructs and selection of transduced SMCs by puromycin. One of the siRNA constructs tested resulted in a significant 60-70% reduction of ACSL4 mRNA levels, as compared with ACSL4 mRNA levels in SMCs transduced with the empty vector or scrambled siRNA controls ( Fig.  7A ). ACSL4 siRNA-transduced SMCs grew poorly, consistent with results on breast cancer cells with reduced ACSL4 expression (31 ) , which prevented large-scale experiments. However, it was evident that SMCs stably expressing ACSL4 siRNA exhibited a marked reduction in PGE 2 secretion in the presence of 10% serum ( Fig. 7B ) . Thus, long-term inhibition of ACSL4 limits PGE 2 release from human SMCs.
DISCUSSION
The ACSL4 gene, which is located on the X-chromosome, is ubiquitously expressed, although there appears to be tissue-selective expression of the two ACSL4 splice variants, with the longer ACSL4 variant 2 expressed in the brain ( 15, 32 ) . affects the amount of PGE 2 released from SMCs. PGE 2 secretion was not signifi cantly affected by ACSL4 overexpression under basal serum-free conditions or in the presence of 10% FBS ( Fig. 6A and data not shown) . However, when the SMCs were challenged by 10 M 20:4, a signifi cant reduction in 20:4-induced PGE 2 release was observed in ACSL4-overexpressing SMCs ( Fig. 6A ) . We next Fig. 6 . ACSL4 regulates prostaglandin E 2 (PGE 2 ) release from human SMCs. (A) SMCs overexpressing ACSL4 and control SMCs transduced with the empty pBM vector were incubated in the absence or presence of 10 M 20:4 in the presence of 0.5% FA-free BSA for 15 min. PGE 2 levels in the conditioned media were analyzed by an EIA kit. The results are expressed as mean ± SEM from a representative experiment performed in triplicate. *** P < 0.001 by one-way ANOVA followed by Neuman-Keuls multiple comparison test. Similar results were obtained in three independent experiments. (B) Immortalized SMCs were incubated in the presence or absence of 10 ng/ml interleukin-1 ␤ (IL-1 ␤ ) for 4 h, and PGE 2 levels in the conditioned media were analyzed by EIA. * P < 0.05 by one-way ANOVA followed by Neuman-Keuls multiple comparison test. (C) Arachidonoyl-CoA synthesis was analyzed as described in Fig. 3A in SMC lysates in the absence or presence of DMSO vehicle or the indicated concentrations of triacsin C or rosiglitazone. ** P < 0.01, *** P < 0.001 compared with vehicle-treated controls by twoway ANOVA followed by Bonferroni multiple comparison test. (D) SMCs were incubated in fresh media in the presence of 10 M rosiglitazone (Rosi), 10 M triacsin C (Tri-C), or vehicle (DMSO) for 2 h. PGE 2 levels in the conditioned media were analyzed by an EIA kit. Results were normalized to protein and expressed as mean ± SEM from representative experiments performed in triplicate. Similar results were obtained in three to four independent experiments and in SMCs stimulated with 10 ⌴ 20:4. * P < 0.05, *** P < 0.001 compared with matched vehicle controls by Student's t -test. Thus, the effects of ACSL4 in intact cells might depend on FA preference, but also on the abundance of different FAs. The bioavailability of free 20:4 is probably also regulated by ACSL3, which has a high preference for 20:4, at least in vitro ( 30 ) , and also to a lesser extent by ACSL5 and ACSL1, which are expressed in human SMCs ( 17 ) . Furthermore, the presence of acyl-CoA thioesterases with different acyl-CoA preferences ( 43 ) is likely to play an important role in regulating acyl-CoA levels available for incorporation into different cellular lipid pools.
The results of the present study also demonstrate that whereas overexpression of ACSL4 facilitates 20:4 incorporation into TAG in SMCs, it does not increase TAG mass. Furthermore, ACSL4 does not seem to play a signifi cant role in ␤ -oxidation in SMCs. Thus, rather than promoting neutral lipid loading or cellular energy homeostasis, ACSL4 has an important role as a modulator of eicosanoid synthesis in SMCs. Our results demonstrate that a sustained increase in ACSL4 variant 1 suppresses 20:4-and IL-1 ␤ -induced PGE 2 release from human arterial SMCs. Most likely, this effect is mediated by competition of ACSL4 with COX-1 and/or COX-2 for free 20:4 taken up by the cell or liberated from the plasma membrane pool (or other lipid pools), increased conversion of this free 20:4 to arachidonoyl-CoA, and subsequently increased incorporation into PE and PI, thus reducing free 20:4 available for eicosanoid synthesis, as depicted in Fig. 7C . In line What is known about the biological function of ACSL4? A majority of generated ACSL4-defi cient mice die in utero, but surviving ACSL4-hemizygous male mice appear normal ( 33 ) . However, ACSL4-heterozygous female mice are virtually sterile, perhaps due to the marked morphological changes in the uterine tissue and abnormal degeneration of the corpus luteum in these mice. The numerous uterine proliferative cysts found in ACSL4-heterozygous mice were associated with increased uterine levels of PGE 2 , 6-keto PGF 1 ␣ (a stable PGI 2 metabolite), and PGF 2 ␣ , suggesting a possible role for ACSL4 in regulation of prostaglandin production ( 33 ) . In hepatoma cell lines and breast cancer cell lines, ACSL4 promotes cell proliferation ( 31, 34 ) . Furthermore, based on correlative studies, ACSL4 has been proposed to promote hepatic TAG synthesis ( 35, 36 ) , to contribute to human hepatocellular carcinoma and adenocarcinoma ( 37, 38 ) , and to have important effects in cognitive function and neuromuscular disease ( 15, (39) (40) (41) . ACSL4 gene expression was also found to be signifi cantly upregulated in livers of insulin-resistant human subjects with nonalcoholic fatty liver disease ( 42 ) , and recently, a polymorphism in ACSL4 was found to be signifi cantly associated with liver fat content ( 36 ) . The biological function of ACSL4 in SMCs and other vascular cells has been unknown.
We show in the present study that human SMCs express ACSL4 variant 1, and that ACSL4 has a strong preference for 20:4 in intact SMCs. Studies on recombinant ACSL4 have demonstrated that 20:5 (eicosapentaenoic acid), in addition to 20:4, is an excellent substrate for ACSL4 ( 14 ) . However, 20:5-CoA levels were not detectable in SMCs overexpressing ACSL4, Fig. 7 . Sustained downregulation of ACSL4 inhibits PGE 2 secretion in SMCs. (A) Immortalized SMCs were transduced with ACSL4 siRNA or the empty vector or a scrambled siRNA control. Levels of ACSL4 mRNA were measured by real-time PCR and were normalized to 18S levels and expressed as fold of scrambled siRNA control. (B) Secreted PGE 2 levels were measured in the conditioned media from the different SMCs in A following a 3 day incubation in 10% FBS. * P < 0.05 and ** P < 0.01 by one-way ANOVA followed by Neuman-Keuls multiple comparison test (n = 3). (C) Schematic model summarizing the role of ACSL4 in modulating PGE 2 production in SMCs. ACSL4 variant 1 is a 20:4-preferring ACSL isoform in human SMCs. The fate of arachidonoyl-CoA generated by ACSL4 is mainly incorporation into PE and PI. Increased ACSL4-mediated incorporation of 20:4 into the phospholipid pool, in turn, reduces the amount of free 20:4 available for PGE 2 synthesis in SMCs, whereas acute inhibition of ACSL4 has the opposite effect. However, endogenous ACSL4 is also necessary for PGE 2 production, most likely by allowing suffi cient 20:4 incorporation into phospholipids.
by guest, on August 28, 2017 www.jlr.org Downloaded from with our fi ndings in SMCs, overexpression of ACSL4 inhibits PGE 2 release from COX-2-overexpressing colon cancer cell lines, most likely by reducing free 20:4 available for PGE 2 synthesis ( 44 ) . In contrast, overexpression of ACSL4 in a breast cancer cell line increases PGE 2 secretion, an effect that in part contributed to increased COX-2 expression in ACSL4-overexpressing cells ( 31 ) . Overexpression of ACSL4 did not affect COX-2 levels in SMCs, which might explain the different fi ndings in SMCs and breast cancer cell lines.
The effects of ACSL4 overexpression on inhibition of PGE 2 release were corroborated by the reciprocal increase in PGE 2 release in SMCs in which endogenous ACSL4 activity had been acutely inhibited by pharmacological inhibitors. This acute inhibition of ACSL4 activity presumably leads to increased availability of free 20:4 for PGE 2 synthesis. The effect of rosiglitazone is most likely mediated by ACSL4 inhibition in the present study because: 1 ) the same concentration (10 M) signifi cantly inhibited arachidonoyl-CoA synthesis in SMC lysates; 2 ) the effects of rosiglitazone on PGE 2 release were mimicked by triacsin C, another structurally unrelated ACSL inhibitor; and 3 ) the effect of rosiglitazone was seen after a short incubation, suggesting that its effects are not due to PPAR ␥ activation.
In contrast, sustained downregulation of ACSL4 resulted in a markedly reduced PGE 2 release, which is consistent with the recent study on breast cancer cell lines by Maloberti et al. ( 31 ) . We propose a model in which endogenous continuous ACSL4-mediated arachidonoyl-CoA synthesis is required for incorporation of 20:4 into phospholipids and subsequent PGE 2 synthesis, whereas acute inhibition of ACSL4 increases the free 20:4 available as a substrate for COX-1/2 and PGE 2 synthesis ( Fig. 7C ) . Together, our results suggest that endogenous ACSL4 plays an important role as a regulator of prostaglandin secretion from SMCs, which might regulate SMC proliferation, release of infl ammatory mediators, or other processes in the vascular wall.
Interestingly, ACSL4 has been suggested to be reduced in unstable atherosclerotic plaques compared with stable plaques ( 45 ) , raising the possibility that ACSL4 contributes to atherosclerotic disease in humans. It is possible, therefore, that ACSL4 in SMCs directly contributes to regulation of eicosanoid release from SMCs and their downstream effects in cell types within the vascular wall or lesions of atherosclerosis. For example, PGE 2 increases permeability of endothelial cell cultures ( 46 ) , and longterm exposure of human monocytes/macrophages to PGE 2 enhances chemokine expression in these cells (47 ) . Mouse models with smooth muscle-targeted ACSL4 deficiency would shed light onto the probable role of SMC ACSL4 in vascular injury or atherosclerosis.
